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THEORETICAL  STUDIES  OF  THE  USE  OF  MULTIPROPELLANTS  IN 
HIGH  VELOCITY  GUNS 


ABSTRACT 


The  use  of  propellant  mixtures  in  high  velocity  guns,  as  means  of 
increasing  projectile  muzzle  velocity,  is  compared  with  the  use  of  a 
single  propellant.  The  propellant  mixtures  vary  in  chemical  composition, 
web,  and  burning  rate.  A  theoretical  study  is  made  using  the  M68  105mm 
high  velocity  tank  gun  as  a  test  case.  Gun  geometry,  projectile  weight, 
and  propellant  shape  are  not  changed  from  that  of  the  standard  gun. 
Interior  ballistic  trajectories  in  the  parametric  study  are  computed 
using  a  multipropellant  interior  ballistic  digital  computer  code. 
Graphical  methods  are  used  to  determine  the  optimum  propellant  mixture 
needed  to  maximize  muzzle  velocity  at  a  given  allowable  maximum  gun 
breech  pressure.  The  effect  of  propellant  grain  shape  on  the  performance 

r 

of  a  gun  is  considered  in  a  separate  study.  Results  from  the  interior 
ballistic  computer  model  are  also  compared  with  experimental  results 
from  the  firing  of  propellant  mixtures  in  the  5- inch  and  l6-inch  guns 
used  to  launch  high  altitude  atmospheric  probes. 
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I.  INTRODUCTION 


Many  methods  have  been  considered  by  interior  ballisticians  to  in¬ 
crease  the  muzzle  velocity  of  a  gun  without  increasing  the  gun's  maximum 
breech  pressure  above  a  value  set  by  the  mechanical  strength  of  the  gun’s 

propellant  chamber.  In  1956  improvements  in  gun  propellants,  during  the 

1* 

decade  following  World  War  II,  were  reviewed  by  Jackson.  In  the  11 
years  since  the  publication  of  Jackson’s  review,  little  progress  has 
been  made  on  gun  propellant  improvement.  This  paper  outlines  several 
approaches  toward  solving  the  problem  of  increasing  muzzle  velocity  with¬ 
out  increasing  breech  pressure  above  the  mechanical  strength  of  the 
steel  in  the  gun. 

The  objective  of  this  theoretical  study  is  to  increase  the  muzzle 
velocity  of  the  105mm  M68  high  velocity  tank  gun,  the  characteristics  of 
which  are  given  in  Table  I.  The  following  constraints  were  imposed  on 
the  problem: 

a.  Projectile  weight  was  held  constant. 

b.  Total  propellant  weight  was  held  constant. 

c.  The  geometric  configuration  of  the  gun  was  not  to  be  altered; 
that  is  propellant  chamber  volume  and  maximum  projectile  travel 
in  the  gun  was  held  constant. 

In  order  to  increase  the  muzzle  velocity  of  the  gun  without  violat¬ 
ing  these  constraints  one  must  increase  the  piezometric  efficiency  of 
the  gun  by  several  possible  means. 

a.  Varying  propellant  web. 

b.  Using  mixes  of  varying  web  of  the  same  propellant  (multi- grain 
case). 

c.  Using  mixes  of  propellant  which  vary  in  composition  and  web 
(multipropellant  case). 

d.  Var3'-  the  propellant  grain  shape. 

*  References  are  found  on  page  47  of  this  report. 
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In  the  following  sections,  the  potential  of  the  above  methods  to 
increase  gun  performance  will  be  evaluated. 

The  gun  selected  for  this  study,  105mm  M68  tank  gun,  had  never  been 
fired  experimentally  using  multigrain  or  multipropellant  charges.  There¬ 
fore,  it  was  necessary  to  compare  the  computer  program  results  with  some 
experimental  high  velocity  guns  which  used  multigrain  or  multipropellant 
charges.  Two  experimental  guns  used  to  launch  high  altitude  research 
probes  (HARP)  were  using  multipropellant  charges.  The  results  from  the 
computer  program  are  compared  with  some  experimental  firings  of  these 
guns. 


11 


II.  EXPERIMENTAL  PROCEDURE 


In  conducting  this  study,  it  was  necessary  to  simulate  the  per¬ 
formance  of  a  gun  on  a  digital  computer.  The  computer  program  developed 

for  this  purpose,  called  the  Multipropellant  Gun  Simulator  (MPGS)  program,  t 

2 

will  be  described  in  a  subsequent  BRL  report.  This  program  is  a  more  ; 

3 

versatile  version  of  an  earlier  gun  simulation  program.  The  program  is 
organized  to  have  the  following  characteristics: 

a.  One  can  evaluate  the  performance  of  propellant  mixes  containing 

i 

up  to  five  different  propellants  which  may  vary  in:  j 

(1)  propellant  grain  shape.  j 

I 

I 

(a)  Cylindrical  grains  with  0,  1,  7>  or  19  perforations, 

(b)  rectangular  grains,  or  j 

(c)  spherical  grains. 

(2)  thermodynamic  properties  of  propellant  gases.  These  are 

(a)  propellant  force, 

(b)  specific  heat  ratio, 

(c)  covolume  correction,  and  ; 

i 

J 

(d)  adiabatic  flame  temperature.  J 

(3)  propellant  density. 

! 

] 

(4)  propellant  burning  rate.  The  propellant  burning  rate  is 
considered  to  be  a  function  of  propellant  pressure  and  projectile 
velocity.  The  projectile  velocity  constant  is  designated  the  propellant 
erosion  constant. 

b.  One  can  optionally  obtain  plots  of  the  important  interior 
ballistic  parameters  as  a  function  of  time  or  of  projectile  travel. 


c.  Program  input  is  designed  for  parametric  studies.  Program  can 
read  in  a  base  case,  run  it,  and  then  automatically  run  additional  cases. 
For  the  additional  cases,  certain  input  variables  are  designated 
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together  with  a  set  of  values  for  each  variable.  The  program  will  run 
all  permutations  and  combinations  of  these  values  as  the  additional 
cases.  Up  to  10  variables  and  10  values  for  each  variable  can  be  run. 

(It  is  unlikely  anyone  will  ever  use  the  full  range  of  variables  and 
values  allotted  in  the  program  since  using  the  full  range  would  amount 
to  lO1^  cases.)  This  feature  of  the  program  has  proved  to  be  very  use- 
ful  in  this  study. 

The  MPGS  program,  like  other  interior  ballistic  simulation  programs, 
has  certain  input  variables,  the  values  of  which  are  not  known  for  any 
particular  gun.  In  the  MPGS  program  these  variables  are:  (l)  pro¬ 
jectile  shot  start  pressure;  (2)  projectile  frictional  resistance 
pressure,  here  assumed  to  be  a  constant  for  the  entire  motion  of  the 
projectile;  and  (3)  propellant  erosion  constant.  Before  a  parametric 
study  can  be  made  on  a  particular  gun,  values  foi  these  variables  must 
be  determined  for  a  gun  firing  and  then  held  constant  for  the  remainder 
of  the  study.  Determination  of  these  values  is  called  a  "gun  matching 
study" . 

To  conduct  the  gun  matching  study  in  the  105mm  M68  gun,  the  follow¬ 
ing  procedure  was  used: 

a.  Standard  deviations  (1  o  value)  from  the  rated  muzzle  velocity 
and  maximum  breech  pressure  were  obtained  from  about  1000  experimental 
firings  of  the  gun.  These  values  were  8.8  f/s  in  muzzle  velocity  and 
460.  psi  in  maximum  breech  pressure. 

b.  All  the  variables  characterizing  the  gun,  propellant,  and 
projectile  were  read  into  the  program.  Initial  estimates  for  shot  start 
pressure,  projectile  frictional  resistance  pressure,  and  propellant 
erosion  constant  were  read  in  and  the  interior  ballistic  trajectory 
computed  for  that  case. 

c.  Using  the  parametric  variation  feature  of  the  program;  the 
values  of  shot  start  pressure,  projectile  frictional  resistance  pressure, 
and  propellant  erosion  constant  were  systematically  varied  until  values 
of  the  computed  maximum  breech  pressure  and  muzzle  velocity  were  within 


the  range  of  values  set  by  the  standaid  deviation.  Table  II  illustrates 
the  values  of  muzzle  velocity  and  maximum  breech  pressure  obtained  by 
this  procedure. 

d.  The  following  values  of  shot  start  pressure,  projectile 
frictional  resistance  pressure,  and  propellant  erosion  constant  were 
obtained  by  the  above  procedure: 

Shot  Start  Pressure:  6000  psi 

Projectile  Frictional  Resistance  Pressure:  200  psi 

Propellant  Erosion  Constant:  .000050 

These  values  were  held  constant  throughout  the  remainder  of  the 
study.  A  plot  of  the  computed  interior  ballistic  trajectory  for  the 
standard  case,  called  the  ’'key”  case  is  illustrated  in  Figure  1. 
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Interior  Ballistic  Trajectory  for  105mm  M68  Gun  "Key"  Case 


III.  PARAMETRIC  STUDIES  AMD  RESULTS 


Once  the  characteristics  of  the  "key"  case  had  been  established, 
interior  ballistic  simulation  experiments  were  run  on  the  computer. 

The  grain  shapes  used  in  the  simulations  were: 

a.  cylindrical,  cords  (no  perforation),  or  grains  with  1,  7,  or 
19  perforations,  or 

b.  spherical  grains. 

The  dimensions  of  the  grains  were  defined  in  terms  of  the  grain  web 
(minimum  thickness  of  grain)  and  in  the  case  of  cylindrical  grains  two 
ratios : 

a.  D/D^  -  ratio  of  outside  diameter  of  grain  to  diameter  of 
perforation. 

b.  L/D  -  ratio  of  length  of  grain  to  outside  diameter  of  grain. 

The  grain  shapes  with  dimension  terms  and  ratios  are  illustrated 
in  Figure  2.  With  the  web  and  two  ratios,  it  is  possible  to  compute  the 
grain  dimensions.  One  of  the  options  in  the  computer  code  allows  us  to 
read  in  web  and  the  two  ratios  and,  compute  grain  dimensions  before 
running  the  problem.  With  this  option  it  is  possible  to  hold  the  two 
ratios  constant  and  vary  the  web  of  the  propellant  grain. 

In  the  first  parametric  study,  designated  Propellant  Web  Effect, 
the  following  conditions  were  imposed: 

a.  Only  one  propellant  at  a  time  would  be  used  in  the  gun  for  a 
simulated  firing.  Three  propellants  were  tried:  M30  (the  standard 
propellant).  Ml,  and  M8. 

b.  The  D/D  and  L/D  ratios  of  the  7  perforated  propellant  used  in 

P 

the  "key"  case  were  held  constant.  The  value  of  these  ratios  were; 

D/D  =  8.632;  L/D  =  2.409 

Jr 

c.  The  grain  web  was  varied  over  wide  limits  in  the  experimental  . 

simulation  with  each  of  the  propellants.  The  lower  limit  of  the  web 

which  could  be  used  in  the  gun  would  be  set  by  the  maximum  breech 
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ID  DIMENSIONAL  RATIOS  WERE  VARIED  FOR  PORTIONS  OF  THE  SIMULATIONS 


pressure  which  would  be  tolerated  in  the  gun  (here  arbitrarily  set  at 
100,000  psi).  The  upper  limit  of  web  would  be  set  at  a  point  it  which 
an  appreciable  fraction  of  the  propellant  would  be  blown  out  of  the  gun 
unburnt . 

The  results  of  this  simulation  for  the  three  propellants  is 
illustrated  in  Figure  3.  These  curves  are  maximum  breech  pressure- 
muzzle  velocity  curves  with  propellant  web  indicated  at  each  of  the 
plotted  points.  It  will  be  noted,  fr.cnm  the  curve  for  Id  propellant 
that  if  we  adjust  the  propellant  web  so  that  the  maximum  breech  pressure 
developed  by  firing  is  equal  to  the  maximum  breech  pressure  in  bhe  "key" 
case  (59,400  psi);  then  the  muzzle  velocity  will  be  210  f / s  lower  than 
for  the  "key"  case.  The  reason  for  the  drop  in  muzzle  velocity  for  Ml 
propellant,  in  contrast  to  that  for  M30,  is  that  the  propellant  chemical 
energy  per  unit  weight  for  Ml  is  less  than  that  for  M30  (1,158,600  ft- lb/ 
lb  for  Ml;  1,544,500  ft- lb/lb  for  M30).  In  contrast  to  Ml,  the  muzzle 
velocity  developed  by  a  gun  using  M8  propellant  at  the  "key"  case 
maximum  breech  pressure  is  90  f/ s  greater  than  for  the  "key"  case  muzzle 
velocity.  This  occurs  because  the  chemical  energy  per  unit  weight  for 
M8  propellant  is  greater  than  for  M30  propellant  (1,880,300  ft-lb/lb  for 
MB). 

In  the  second  parametric  study,  designated  Effect  of  Varying  the  Web 
of  the  Propellant  Mixes,  the  following  conditions  were  imposed: 

a.  Only  one  propellant  composition  was  considered,  namely  M30  pro¬ 
pellant  . 

b.  All  the  7  perforated  propellant  grains  used  in  this  study  had 

the  same  D/D  and  L/D  ratios,  namely  the  ratios  used  in  the  "key"  case. 

P 

c.  At  each  simulated  firing,  a  propellant  mix  consisting  of  a  fine 
web  and  a  coarse  web  was  used  (dual grain  case). 

On  this,  and  succeeding  figures,  in  which  gun  performance  is  plotted 
on  maximum  breech  pressure-muzzle  velocity  curves;  curves  of  constant 

piezometric  efficiency  are  also  plotted.  Piezometric  efficiency  e  ,  is 

^ i  P 

defined  as  the  ratio  of  the  average  pressure,  P,  which  does  useful  work 
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ty  for  Ml,  M8,  and  M30  Propellant 


on  the  projectile,  to  the  maximum  breech  pressure  P  .  The  defining 

m 

equation  is: 

e  =  L  -  -5  wV2 

P  Pm  g  A  L  P 
m 

where : 

w  =  projectile  weight  lb 

V  =  projectile  muzzle  velocity  f/s 

g  =  gravitational  constant  -  32.174  ft/ sec2 

p 

A  =  cross  sectional  area  of  gun  bore  in 
L  =  length  of  projectile  travel  ft 
P  =  maximum  breech  pressure  psi 

Piezometric  efficiency  is  used  in  this  study  as  a  means  of  quanti¬ 
fying  the  performance  of  a  gun  firing.  A  gun  firing  which  develops  a 
high  maximum  breech  pressure  and  a  low  muzzle  velocity  relative  to  the 
"key"  case,  has,  by  comparison,  a  low  piezometric  efficiency.  On  the 
other  hand,  a  gun  firing  which  develops  a  high  maximum  breech  pressure  and 
a  high  muzzle  velocity,  relative  to  the  "key"  case,  has,  by  comparison,  a 
high  piezometric  efficiency. 

From  the  relative  positions  of  the  Ml,  I®,  and  M30  curves  compared 
to  the  curves  of  constant  piezometric  efficiency,  it  will  be  noted  that 
firings  using  M8  propellant  will  have  higher  piezometric  efficiencies 
than  will  firings  using  Ml  or  M30  propellant;  comparisons  being  made  at 
the  same  maximum  breech  pressure.  Under  the  same  conditions, firings 
using  M30  propellant  will  have  higher  piezometric  efficiencies  than  will 
firings  using  Ml  propellant. 

Seven  webs  were  used.  The  webs  ranged  in  size  from  a  web  which  was 
80%  of  the  web  used  in  the  "key"  case  to  a  web  which  was  150$  larger  than 
the  web  used  in  the  "key"  case.  Gun  firings  using  dual  gran  propellant 
mixes  were  simulated  with  the  computer  program.  Propellant  mixes  con¬ 
sisting  of  20$,  40$,  60$,  and  80$  by  weight  of  the  finer  web  were  used 
in  the  simulation. 


The  results  of  these  simulations  are  illustrated  in  Figure  4.  In 
this  figure,  each  simulation  is  represented  as  a  point  with  the  coordi¬ 
nates  of  mA.xi rwm  breech  pressure  and  muzzle  velocity.  The  solid  lines 
connect  points  of  the  same  web  composition;  that  is,  points  of  0$,  20$, 
40$,  60$,  and  80$  finer  web.  The  0$  composition  line  is  identical  to 
the  M30  line  used  in  Figure  3  with  the  exception  that  the  web  range  is 
greater.  The  dotted  lines  serve  to  connect  points  which  use  the  same 
coarse  web.  With  this  type  of  plot  one  can  see  how  web  composition 
(in  the  dual  gran  case)  affects  the  maximum  breech  pressure  and  muzzle 
velocity. 

The  "key”  case  appears  on  this  plot  as  the  .046  web  point  on  the  0$ 
fine  web  composition  line.  It  will  be  noted  that  at  the  maximum  breech 
pressure  of  the  "key"  case,  no  point  has  a  greater  velocity  than  the 
"key"  case.  There  are  points  which  have  higher  velocities  than  the  "key" 
case,  but  they  also  have  higher  breech  pressures.  At  breech  pr  .sures 
lower  than  the  "key"  case,  the  muzzle  velocities  are  also  lower.  There 
is  thus  no  advantage  to  using  web  mixtures  under  these  conditions. 

In  the  third  parametric  study,  designated  effects  of  multi¬ 
propellant  mixes,  the  following  conditions  were  imposed; 

a.  Two  or  three  different  propellants  were  used  in  the  mixes. 

These  were  respectively; 

(1)  Ml  and  M30  propellants, 

(2)  MB  and  M30  propellants, 

(3)  Ml  and  M8  propellants,  and 

(4)  Ml,  MB,  and  M30  propellants. 

b.  As  in  the  first  and  second  parametric  studies,  D/D  and  L/D 
ratios  were  held  at  the  "key"  case  values. 

c.  At  each  simulated  fining  a  propellant  mix  consisting  of  two  or 
three  propellants  varying  in  composition  and  web  were  used. 


Some  of  the  results  of  these  simulations  are  illustrated  in 
Figures  5  and.  6.  As  in  Figures  3  and  4,  the  coordinate  points  on  these 
figures  are  maximum  breech  pressure  and  muzzle  velocity.  In  the  simu¬ 
lations  represented  by  each  of  the  two  figures,  the  propellant  webs 
were  held  constant  and  the  propellant  mix  composition  varied.  P^th  dual 
and  triple  propellant  mixes  are  represented  on  these  curves.  The  webs 
used  in  these  figures  were: 

Figure  5;  Ml  -  ,028"  web 
M8  -  .115"  web 
M30  -  .046"  web 

Figure  6:  Ml  -  .026"  web 
M8  -  .110"  web 
M30  -  .046"  web. 

Composition  changes  of  20$,  40$,  60$,  and  80$  by  weight  were  made 
in  the  propellant  mixes.  In  the  figures,  the  solid  lines  connect  the 
points  representing  the  pure  and  dual  propellant  mixes.  The  broken 
lines  connect  pure  and  dual  mix  points  with  the  triple  propellant  mix 
points. 

In  Figure  5,  the  "key"  case  represents  the  highest  velocity  obtain¬ 
able  for  any  combination  of  dual  or  triple  propellant  (for  the  web 
combination  used  in  this  set).  In  Figure  6,  because  of  the  web  com¬ 
binations  chosen,  there  axe  a  number  of  combinations  in  which  the  velocity 
is  higher  than  the  "key"  case,  at  the  "key"  case  breech  pressure.  For 
instance,  at  the  "key"  case  breech  pressure  on  the  Ml  -  M8  composition 
line  (about  70$  MB,  30$  Ml)  the  muzzle  velocity  would  be  about  50  f/s 
higher  than  the  "key"  case.  Similarily,  there  are  other  composition 
points  at  lower  breech  pressures  than  the  "key"  case  in  which  the  muzzle 
velocity  is  higher  than  the  "key"  case.  This  occurs,  however,  only  for 
the  webs  chosen  for  the  three  propellants. 

If  one  plots  on  Figures  5  and  6,  the  values  of  breech  pressure  and 
muzzle  velocity  for  the  pure  propellants  as  their  webs  are  varied  (the 
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same  information  as  is  in  Figure  3)5  three  dotted  lines  are  formed, 
designated  Ml,  M8,  and  M30*  The  breech  pressure-muzzle  velocity  points 
for  the  pure  propellants  fall  on  these  lines.  Comparison  of  the  breech 
pressure-muzzle  velocity  points  for  the  dual  and  triple  composition 
propellants  with  the  corresponding  points  for  the  pure  propellants,  in¬ 
dicates  that  none  of  the  propellant  mixture  points  is  more  favorable 
(has  a  higher  muzzle  velocity  for  a  lower  breech  pressure)  than  the  most 
energetic  pure  propellant,  in  this  case,  M8  propellant;  provided  that 
one  is  allowed  to  vary  the  web  of  the  pure  propellant  in  an  arbitrary 
manner.  For  example,  in  Figure  6,  the  value  of  muzzle  velocity  on  the 
pure  M8  line  at  the"key"  case  pressure  (at  a  web  of  about  .107  inches) 
is  4940  f/s,  an  increase  over  the  "key"  case  velocity  of  95  f/s.  This 
point  is  also  about  45  f/s  over  the  point  at  the  same  breech  pressure 
on  the  Ml  -  M8  line. 

In  the  fourth  parametric  study,  the  effect  of  propellant  grain 
shape  on  gun  performance,  the  following  conditions  were  imposed: 

a.  Only  one  propellant  was  used,  namely  M30  propellant. 

b.  Sphere,  cord,  1,  7,  and  19  perforated  grain  shapes  were  used  in 
the  study.  These  grains  are  illustrated  in  Figure  2. 

c.  Only  the  effect  of  each  grain  shape  on  the  performance  of  the 
gun  was  studied.  Propellant  mixes  were  not  used. 

As  a  background  to  the  study  of  propellant  grain  shapes  on  gun  per¬ 
formance;  we  have  to  consider  how  the  surface  area  of  each  grain  changes 
as  the  propellant  burns.  Since  the  surface  area  of  the  grain  governs  the 
rate  at  which  propellant  gas  is  evolved  for  use  in  propelling  the  pro¬ 
jectile,  change  in  the  surface  area  as  the  propellant  burns  will  in¬ 
fluence  the  gun  performance. 

The  change  in  grain  surface  area  as  the  grain  burns  is  illustrated 
in  Figure  7.  In  this  figure  the  surface  area  ratio  S/SQ  (ratio  of 
instantaneous  grain  surface  to  initial  grain  surface)  is  plotted  as  a 
function  of  the  weight  fraction  of  propellant  grain  burnt,  z.  For  the 
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PROPELLANT  SURFACE  AREA 
INITIAL  PROPELLANT  SURFACE  AREA 


Figure  7.  Variation  of  Propellant  Burning  Surface  Ratio  with 
Fraction  Propellant  Burnt  for  Various  Grain  Shapes, 
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sphere  and  cord  grains,  the  surface  area  ratio  decreases  from  one  to 
zero  as  the  weight  fraction  of  propellant  burned  increases;  this  is 
called  degressive  burning.  For  the  single-perforated  grain,  the  surface 
area  ratio  decreases  as  the  grain  burns,  but  not  to  zero.  The  surface 
area  ratio  at  propellant  burnout  is  generally  a  large  fraction,  in  this 
case,  77$  of  the  initial  area.  Thu-,  the  single  perforated  grain  is 
considered  to  be  slightly  degressive. 

For  the  seven-perforated  grain,  the  surface  area  ratio  increases  as 
the  grain  burns  until  about  85$  of  the  initial  weight  of  the  grain  has 
been  consumed.  For  the  grain  dimensional  ratios  given  in  Figure  7,  the 
increase  in  surface  area  is  4l $.  This  is  called  a  progressive  surface 
area  grain.  At  the  85$  burnt  point,  the  grain  web  has  burned  out,  so 
only  propellant  slivers  remain.  These  slivers,  like  cord  propellant, 
are  degressive  so  the  surface  area  ratio  decreases  to  zero  at  propellant 
burnout . 

The  19-perf orated  grain,  illustrated  in  Figure  2,  pattern  consists 
of  a  central  perforation,  a  set  of  six  holes  on  an  inner  radius,  and  a 
set  of  12  holes  on  an  outer  radius.  The  increase  in  surface  area  ratio 
for  the  19-perforated  grain  with  increase  of  weight  fraction  of  propel¬ 
lant  burnt  is  illustrated  in  Figure  7.  For  the  grain  dimensional  ratios 
given  in  the  figure,  the  increase  in  surface  area  ratio  is  71$  at  web 
burnout .  For  this  grain,  web  burnout  occurs  at  80 $  weight  fraction 
burnt.  Thereafter,  the  propellant  slivers  burn  degressively,  until  the 
propellant  burns  out. 

The  effect  of  sphere,  cord,  1;  7;  and  19-perforated  grain  shapes  on 
the  performance  of  the  M68  105mm  gun  is  illustrated  in  Figures  8  through 
11.  As  before,  the  points  have  coordinates  of  maximum  breech  pressure 
and  muzzle  velocity.  Curves  of  constant  piezometric  efficiency  are  dis¬ 
played  on  the  plots. 

In  Figure  8,  the  effect  of  sphere  and  cord  propellant  on  gun  per¬ 
formance  is  illustrated.  The  curve  for  spherical  propellant  illustrates 
the  change  in  maximum  breech  pressure  and  muzzle  velocity  as  the  web  of 
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the  spheres  is  changed.  Because  of  the  degressive  surface  area  function 
of  spherical  grains,  the  muzzle  velocity  developed  by  a  gun  using 
spherical  propellant  (web  about  .155  inches)  at  the  "key"  case  maximum 
breech  pressure  is  lower  than  the  "key"  case  muzzle  velocity  by  470  f/s. 
The  piezometric  efficiency  of  the  gun  using  spherical  propellant  is  low, 
ranging  from  .29  to  .32  for  webs  varying  from  .14  to  .20  inches. 

For  cord  propellant,  the  gun  performance  will  vary  both  with 
propellant  web  and  L/D  ratio.  For  the  cases  illustrated  the  webs  varied 
from  .11  inches  to  .13  inches;  and  the  L/D  ratios  varied  from  5  through 
25.  From  the  curves,  it  will  be  noted  that  increases  in  L/D  ratios  will 
give  an  increase  in  piezometric  efficiency,  although  the  rate  of  increase 
of  piezometric  efficiency  decreases  with  increase  in  L/D  ratio.  At  the 
highest  L/D  ratio,  the  muzzle  velocity  developed  in  the  gun  using  cord 
propellant,  at  the  "key"  case  maximum  breech  pressure,  is  higher  than  if 
spherical  is  used,  but  lower  (370  f/s)  than  the  "key"  case  muzzle 
velocity.  Over  the  range  of  webs  considered,  the  piezometric  efficien¬ 
cies  are  higher  than  those  for  the  spherical  propellant  (about  .015). 

The  effect  of  the  use  of  single  perforated  propellant  on  the  per¬ 
formance  of  the  gun  is  illustrated  in  Figure  9»  Besides  web  and  L/D 
ratio,  D/Dp  ratio  influences  the  performance  of  the  gun.  In  this  case 
propellant  web  was  varied  from  .060  to  .064,  L/D  ratio  was  varied  from 

3  to  12,  and  D/D  varied  from  3  to  7.  From  the  curves,  it  will  be  noted, 
P 

as  in  the  cord  propellant,  that  increasing  the  L/D  ratios  will  increase 
the  piezometric  efficiency;  increasing  the  D/D  ratio  will  decrease 

1  1  *  P 

the  piezometric  efficiency  of  the  gun.  These  results  would  indicate 

that  a  single- perforated  propellant  developing  the  highest  piezometric 

efficiency  would  have  a  high  L/D  ratio  and  a  low  D/D  ratio.  Comparison 

P 

of  the  most  favorable  configuration  (highest  L/D  ratio  and  lowest'  D/D 

P 

ratio)  at  the  "key"  case  maximum  breech  pressure,  indicates  that  the 
muzzle  velocity  from  this  grain  configuration  is  about  60  f/ s  lower  than 
the  "key"  case  muzzle  velocity.  The  piezometric  efficiencies  developed 
by  the  single- perforated  propellant  over  the  range  of  webs,  L/D  ratios, 
and  D/Dp  ratios  considered  is  higher  than  for  the  cord  propellant 
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(about  .07).  This  increase  in  piezometric  efficiency  is  due  to  the  fact 
that  the  curve  of  propellant  surface  ratio  to  weight  fraction  of 
propellant  burnt  (Figure  7)  is  slightly  regressive. 

The  effect  of  the  use  of  seven- perforated  propellant  grains  on  the 

performance  of  the  gun  is  illustrated  in  Figure  10.  In  this  case  three 

propellant  webs  were  used;  .045,  .046,  and  .047.  The  L/D  ratios  were 

varied  from  2  to  10  and  the  D/D  ratios  varied  from  8  to  15.  Like  the 

P 

cord  and  single- perforated  propellant,  increasing  the  L/D  ratios  in¬ 
creases  the  piezometric  efficiency  of  the  gun.  Unlike  the  singe- 
perforated  propellant,  increasing  the  D/D  ratios  increases  the  piezo- 
metric  efficiency.  Examination  of  these  curves  indicates  that  there 
are  a  large  number  of  grain  configurations  which  will  give  higher 
muzzle  velocity  at  the  "key"  case  maximum  breech  pressure,  than  will  the 
"key"  case.  For  instance  using  a  grain  with  a  web  of  .045,  and  L/D 

ratio  of  3*5  and  a  D/D  ratio  of  15  will,  if  fired  in  the  gun,  produce 

P 

a  muzzle  velocity  of  4960  f/s,  an  increase  of  110  f/s  over  the  "key" 
case  velocity.  With  a.  web  of  .046,  and  L/D  ratio  of  10,  and  a  D/D 

P 

ratio  of  15;  the  muzzle  velocity  of  the  "key"  case  can  be  attained  at  a 
maximum  breech  pressure  of  55,000  psi,  a  reduction  of  4,000  psi  in  the 
maximum  breech  pressure.  The  piezometric  efficiencies  developed  by  the 
seven- perforated  propellant  over  the  range  of  webs,  L/D  ratios,  and 
D/D  ratios  considered  is  higher  than  for  the  single- perforated  pro- 
pellant  (about  .04).  This  increase  in  piezometric  efficiency  is  due  to 
the  fact  that  the  curve  of  propellant  surface  ratio  to  weight  fraction 
of  propellant  burnt  (Figure  7)  is  progressive. 

The  effect  of  the  use  of  19-perforated  propellant  grains  on  the 

performance  of  the  gun  is  illustrated  in  Figure  11.  The  values  of  the 

propellant  webs  used  in  the  simulated  firings  were  .040,  .042,  and  .044 

inches.  The  L/D  ratios  for  each  of  the  webs  was  varied  from  1.5  to  5 

and  the  D/D  ratios  for  each  of  the  webs  was  varied  from  10  to  25.  Like 
P 

the  seven- perforated  propellant,  increasing  the  L/D  ratio  increases  the 
piezometric  efficiency;  also  increasing  the  D/D^  ratio  increases  the 
piezometric  efficiency.  Examination  of  these  curves  indicates  that 
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there  are  a  large  number  of  grain  configurations  which  will  give  higher 

muzzle  velocities  at  the  "key"  case  maximum  breech  pressure  than  will 

the  "key"  case.  For  instance,  using  a  propellant  grain  with  a  web  of 

.042  inch,  a  L/D  ratio  of  about  2,  and  a  B/D  ratio  of  25  will  give  a 

P 

muzzle  velocity  of  4980  f/s,  an  increase  of  120  f/ s  over  that  of  the 
"key"  case.  The  curves  also  indicate  that  one  could  obtain  the  "key" 
case  velocity  at  a  maximum  breech  pressure  of  52,500  psi  if  one  uses  a 
web  of  .044  inches,  an  L/D  ratio  of  5,  and  a  D/Dp  ratio  of  20.  This 
gun  simulation  has  a  piezometric  efficiency  of  .41,  an  increase  of  .05 
over  the  piezometric  efficiency  of  the  "key"  case. 
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IV.  COMPARISON  OF  EXPERIMENT  AND  THEORY  IN  MULTI¬ 
PROPELLANT  HARP  GUN  FIRINGS 

A  limited  study  was  made  of  our  ability  to  match  multipropellant 
program  computer  results  with  experimental  results  from  ?.l  inch  and 
16.7  inch  gun  firings  in  the  high  altitude  research  probe  (HARP) 
program.  The  gun  geometry  and  gun  propellant  characteristics  of  the 
5.1  inch  gun  and  16.7  inch  guns  are  listed  in  Table  III.  The  data 
listed  in  Table  III  were  also  used  as  input  to  the  computer  program 
simulating  the  performance  of  these  guns.  While  a  large  number  of 
rounds  were  fired  in  the  HARP  program,  we  could  find  only  8  multi¬ 
propellant  rounds  which  provided  the  complete  muzzle  velocity  and 
maximum  breech  pressure  data  which  our  study  required.  Three  of  these 
records  were  for  the  5.1  inch  gun  using  triple  propellants  and  five  for 
the  16.7  inch  gun  using  dual  propellants. 

There  is  no  set  procedure  to  be  used  in  the  matching  of  predicted 
and  experimental  results.  Any  procedure  used  will  depend  upon  the 
nature  of  the  experimental  firings  to  be  matched  and  the  ingenuity  of  the 
experimenter.  The  procedure  we  used  to  match  computer  results  with 
experimental  firings  was  as  follows: 

a.  All  of  the  known  variables  characterizing  the  gun,  propellants, 
and  projectiles  for  each  of  the  rounds  were  read  into  the  program. 

Initial  estimates  of  shot  start  pressure,  frictional  resistance  pressure, 
and  propellant  erosion  constant  were  read  in  and  an  interior  ballistic 
trajectory  for  each  round  was  computed.  The  values  for  these  initial 
estimates  were  based  on  our  matching  experience  with  other  guns.  The 
results  of  using  these  initial  estimates  are  illustrated  in  Table  IV  for 
the  inch  gun  (runs  1  thru  3)  and  Table  V  for  the  16.7  inch  gun 
(runs  1  thru  5).  For  the  5.1  inch  gun,  the  predicted  maximum  breech 
pressure  was  36  to  4l $  above  the  measured  maximum  breech  pressure  and 
the  predicted  muzzle  velocity  was  11  to  13$  above  the  measured  muzzle 
velocity.  For  .  16,7  inch  gun,  the  predicted  maximum  breech  pressure 

was  5  to  20$  above  the  measured  maximum  breech  pressure  and  the  pre¬ 
dicted  muzzle  velocity  was  9  to  11$  below  the  measured  muzzle  velocity. 

37 


•00  o 

CJ  NO  CO 

oo 


oo  m  o 
la  on  cm 
-4  on 

ri 


H  I 

i  a> 

NNJ 
a>  a5  a 
|  f-t  *h 

3  EH 


>  H  a) 
iH  a) 
In  -P  h 
<U  O  <$ 

,0  a> 
§o  ® 
£>  &  w 


o 

o 

O  LA 
NO  •>  CM 

•  0.1  •  • 

4  lArl  O 
H  C 


O 

on  o 

4  O  lo 
H  •>  CM 

•  CM  • 

LA  pH  i 


O 

AO  00 

CT\  LA  .ON 

*  CM  on  LA 
on  •  oo  • 
CM  no  H  H  LA  O 


$  . 

NO  CM  CM 
•>  CM  t~  t— 
H  CM  on  NO 
I  t-  •  •»  « 

!  0-  h  on  ON 
«  CM 
-4 


O  O 
OC04 
o  on  o  no 
"CM  « CM 


0-4  • 

CO  N-  H 

S  on 


NO  ,  -4 
ONH  t- 
C~  N--4  ON  CM 
H  •'CM  •'On 
S  m  •  cm  • 

H  rl  CO 

on  cm 


NO  ,  -4 
ONH 

,  t-  N--4  ON  CM 
i — 1  i — .  *  C\J  O'' 

^Sh”® 

on  cm 


CO  LQ  O 

m  .h  o 

O  M  H 


-P  O  H 
CQ  -H  H 
+3  q; 
•P  O  ft 


<U  H  H 
+»  \ 
•  H  i  fit 


H  -§)5 

-P  -H 

ss  ■ 

H  a) 
H  O 
<U  P 
Pi  O 
O  Cn 

fi 


££  04  * 

o  8  a) 

•h  eh  i 

ch  3 

rl  CJ  ri 

o  i  o 

a>  3  > 

Pi  H  O 
W  |X|  o 


OnH  o  o 
CM  LA  t—-4  -4  CM  LAt- 
NO  on  LA  On  NO  la  t- 
LA  O.  O  H  ON  O  O 

CM . 

O  CM 

o 


ON  NO  NO  O  LA  O  C~- 
ONNOnO  O  D~  UN 
t—  On  LA -4  0  0,4 
W  ONO  O  CM  O  4 

o 

o 


c~  o  o  o 
On  ooo  la  on  ON 
On  no  m5nnla  iA 
H  NO  O  O  -4  O  H 

00  •  •  •  •  •  . 

o 


h  on  o  o 
H  O  0-3  CM  on  LAC — 
CM  LAND  H-4NO_4 
OCO  OH  3  O  LA 

00  •  «  •  •  .  . 

§ 

o 


_I  d  CQ  .  iQgN  cmn- 
H  C  op;  B  f-co 
CM  LAND  IA  CO  CM  N- 
O  CO  O  O  CM  O  vD 
Of.' . 


ra  -Poo 
Pi  P  P 
0)  -H 
P 

o  ,Q 

PiH 

* 

Cel  Q. 


-P  P 
a5  tvH 
M  -P 
•H  I 

bO  w 
P  P  4> 
•h 

APS 


Table  IV.  5.1  Inch  Gun 
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Matching  Predicted  Maximum  Breech  Pressure  and  Muzzle  Velocity  Data  with  Experimental 

Data 


Exp. 

Rd. 

No. 

Run 

No. 

Pressure 

Shot  Start  Frictional  Res. 
psi  psi 

Propellant 

Erosion 

Constant 

M  _  _  Pred.  Value 

%  of  Exp  =  X  100 

Exp.  Value 

Maximum  Breech  Pressure  Muzzle  Velocity 

psi  %  of  Exp.  f/s  i  of  Exp. 

1 

i 

1000 

500 

3  X  10"1* 

80,806 

135.8 

5588 

110.0 

2 

2 

78,806 

140.7 

5562 

112.6 

3 

3 

83,160 

139-5 

5654 

111.5 

1 

4 

1100 

500 

3  x  10-1* 

80,832 

135-9 

55B9 

111.0 

2 

5 

78,857 

140.8 

5563 

112.7 

3 

6 

83,203 

139-6 

5655 

111.5 
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It  will  be  noted  that  no  round  to  round  variation  was  allowed  in  the 
estimates  of  shot  start  pressure,  frictional  resistance  pressure,  and 
propellant  erosion  constant  for  a  particular  gun. 

b.  Using  the  parametric  variation  feature  of  the  program,  the 
values  of  shot  start  pressure,  projectile  frictional  resistance  pressure 
and  propellant  erosion  constant  were  systematically  varied  until  the 
differences  between  the  computed  values  of  maximum  breech  pressure  and 
muzzle  velocity  for  each  of  the  rounds  and  the  corresponding  experi¬ 
mental  values  were  at  a  minimum.  This  is  illustrated  in  runs  4  to  42  in 
Table  IV  for  the  5.1  inch  gun  and  runs  6-30  in  Table  V  for  the  16.7  inch 


The  procedure  used  in  this  systematic  variation  depended  upon  the 
gun.  For  the  5.1  inch  gun  both  the  predicted  maximum  breech  pressure 
and  the  predicted  muzzle  velocity  were  greater  than  the  corresponding 
experimental  values.  Increasing  shot  start  pressure  (runs  4-9)  only 
increased  the  predicted  values  more.  It  was  then  decided  to  increase 
the  shot  start  pressure  by  an  order  of  magnitude  and  decrease  the 
propellant  erosion  constant  by  an  order  of  magnitude.  This  is  illus¬ 
trated  in  runs  10-18.  This  resulted  in  a  decrease  in  maximum  breech 
pressure  and  muzzle  velocity  such  that  predicted  maximum  breech  pres¬ 
sures  were  very  close  to  their  corresponding  values  and  predicted 
muzzle  velocities  were  about  3  to  4$>  higher  than  their  corresponding 
experimental  values.  From  these  results,  it  appeared  that  further 
reduction  of  the  propellant  erosion  constant  should  be  made,  keeping 
the  shot  start  values  the  same.  This  change,  illustrated  in  runs  19 
thru  30,  resulted  in  further  reduction  in  maximum  breech  pressure  such 
that  it  was  nearly  equal, or  less  than  the  corresponding  experimental 
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results.  Since  a  propellant  erosion  constant  of  .1  x  10  gave  muzzle 
velocities  close  to  the  experimental  results,  this  value  was  held 
constant  for  the  remainder  of  the  runs.  For  the  final  adjustment  on 
pressure  (runs  31  thru  42)  frictional  resistance  pressure  and  shot  start 
pressure  were  varied  by  small  amounts  until  the  difference  between  pre¬ 
dicted  maximum  breech  pressures  and  the  corresponding  experimental 
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results  were  less  than  2$.  The  results  of  using  the  final  estimates  are 
shown  in  runs  40  thru  42. 

For  the  16.7  inch  gun  the  initial  estimates  gave  predicted  maximum 
breech  pressures  which  were  too  high  and  predicted  muzzle  velocities 
which  were  too  low.  Keeping  the  shot  start  pressure  the  same  and  de¬ 
creasing  the  frictional  resistance  to  500  and  then  100  psi  (runs  6  thru 
16)  increased  the  predicted  muzzle  velocities  by  about  4%  and  decreased 
the  predicted  maximum  breech  pressure  by  about  3 $.  Since  this  change 
was  not  enough,  we  then  decreased  shot  start  pressure  to  500  psi  (runs 
16  thru  20).  This  change  brought  the  predicted  maximum  breech  pressure 
below  the  corresponding  experimental  results  and  kept  the  predicted 

muzzle  velocities  about  tne  same.  We  then  increased  the  propellant 

-4  ,  . 

erosion  constant  from  0  to  ,5  x  10  (runs  21  thru  30).  Of  the  two 

-4 

values  in  propellant  erosion  constant  used,  the  value  of  ,5  x  10 
was  considered  to  give  predicted  results  which  matched  the  experimental 
results  considering  that  we  had  a  round  to  round  variation  in  agreement 
between  theory  and  experiment. 

The  values  of  shot  start  pressure,  projectile  frictional  resistance 
pressure,  and  propellant  erosion  constant  obtained  by  the  above  matching 
procedure  are  listed  for  each  of  the  guns  in  Table  III.  Table  VT  lists 
the  values  of  projectile  weights  and  propellant  weights  used  in  each  of 
the  rounds,  together  with  the  experimental  results  and  computed  results 
using  the  final  estimated  constants. 

Comparison  of  experimental  and  computed  results  indicate  that., 
percentage  error  in  maximum  breech  pressure  for  the  5.1  inch  gun  varied 
from  .33$  to  1.67$.  In  the  16.7  inch  gun,  this  error  varied  from  .09$ 
to  8.37$.  The  large  value  of  the  pressure  error  in  round  5  of  the  16.7 
inch  gun  is  attributed  to  the  use  of  a  hollow  projectile  instead  of  a 
solid  projectile  as  in  the  previous  rounds.  Such  a  change  in  projectile 
type  would  be  expected  to  change  the  frictional  resistance  between 
projectile  and  bore  and  thus  the  maximum  breech  pressure  observed.  The 
percentage  error  in  muzzle  velocity  varied  from  .10$  to  .62$  in  the  5.1 
inch  gun  and  .28$  to  3.35$  in  the  16.7  inch  gun. 


V.  DISCUSSION  AND  CONCLUSIONS 

Of  the  four  means  of  increasing  gun  muzzle  velocity  (under  the 
constraints  listed  in  the  introduction)  only  varying  propellant  grain 
shape  offers  any  hope  of  improvement.  Varying  propellant  web  alone, 
shifts  maximum  breech  pressure-muzzle  velocity  points  up  and  down  a 
smooth  curve  such  that  one  can  not  increase  the  muzzle  velocity  without 

i' 

increasing  the  maximum  breech  pressure. 

Mixing  a  finer  web  propellant  with  a  coarser  web  propellant  (dual 
gran  case)  does  not  increase  the  piezometric  efficiency  of  the  gun.  for 
any  given  maximum  breech  pressure  one  can  obtain  a  higher  muzzle 
velocity  with  a  single  web  propellant  than  with  any  combination  of  fine 
and  course  webs,  provided  that  one  is  able  to  locate  or  manufacture  a 
propellant  of  the  appropriate  web.  The  only  advantage  of  mixing  differ¬ 
ent  webs  of  the  same  propellant  would  be  if  one  was  unable  to  locate 
the  appropriate  propellant  web. 

Mixing  two  or  three  different  propellants  in  which  one  varies  the 
weight  percentage  of  the  differing  propellants,^  and  their  webs  (multi¬ 
propellant  case)  also  does  not  improve  the  piezometric  efficiency  of 
the  gun  over  that  obtained  by  using  the  appropriate  web  of  the  most 
energetic  propellant.  For  instance,  in  place  of  a  mixture  of  Ml,  M8, 
and  M30  propellants,  one  can  use  a  pure  M8  propellant  (the  more 
energetic  propellant)  of  an  appropriate  web,  which  would  have  a  higher 
piezometric  efficiency  than  the  mixture.  Again,  the  only  justification 
of  using  multipropellant  mixtures  would  be  if  the  most  energetic 
propellant  in  the  appropriate  web  size  were  not  available  or  if  other 
factors,  such  as  gun  erosion,  limited  its  use. 

The  use  of  a  single  propellant  in  which  the  shape  is  varied,  offers 
great  possibilities  of  improving  the  muzzle  velocity  of  the  105mm  M68 
gun.  In  this  investigation,  spherical,  cord,  1,  ”,  and  19-perforated 
propellant  were  tested.  Of  the  five  shapes  tested  only  the  propellants 
exhibiting  surface  area  progressivity,  namely  7  and  19-perforated 
propellant  improve  the  piezometric  efficiency  of  the  gun  over  that  of 
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the  "key"  case.  Of  these  two  types  of  propellants,  the  19- perforated 
propellant  exhibits  the  greatest  improvement  in  piezometric  efficiency. 

One  problem  which  has  not  yet  been  discussed  is  the  problem  of 
propellant  packing.  The  cartridge  case  of  the  M68  105mm  gun  which  we 
used  as  a  "key"  case  is  packed  nearly  full  of  the  .046  web  7- perforated 
propellant.  For  some  of  the  propellant  shapes  used  in  this  study,  there 
arose  the  possibility  that  we  might  not  be  able  to  pack  all  the  required 
propellant  weight  in  the  cartridge  case.  The  alternate  possibility  is, 
particularily  for  the  multigran  propellant,  that  we  might  be  able  to 
pack  more  propellant  in  the  case  than  it  now  holds,  thus  offering  the 
possibility  of  increasing  the  velocity  of  the  gun. 

The  only  experimental  investigation  of  the  propellant  packing 
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problem  has  been  reported  by  Clautice.  Some  preliminary  work  has  beer- 
done  using  the  formulas  in  Clautice' s  report.  It  appears  that  for  the 
7-perf orated  grains,  grains  having  low  values  of  D/D^  ratio  and  high 
values  of  L/D  ratio  are  difficult  to  fit  i.ito  the  cartridge  case.  For 
the  19- perforated  grains  the  packing  problem  does  not  appear  to  be  very 
much  greater  than  for  the  7- perforated  grains.  Only  those  grain 
dimension  ratios  which,  in  our  opinion,  will  fit  in  the  cartridge  case, 
appear  on  the  graphs.  Because  of  the  limited  nature  of  Clautice' s  work, 
further  experimental  and  theoretical  work  on  the  propellant  packing 
problem  will  have  to  be  done. 

Any  assessment  of  the  ability  of  the  computer  program  to  predict 
multipropellant  gun  performance  is  complicated  in  the  two  HARP  gun  cases 
by  a  lack  of  knowledge  of  the  experimental  variability  in  measured 
maximum  breech  pressures  and  muzzle  velocities.  This  is  due  primarily 
to  lack  of  repeated  firings  in  the  program  with  all  input  variables 
(projectile  weights,  propellant  weights,  etc.)  held  constant.  At  the 
present  time  we  can  only  say  that  we  can  match  a  group  of  multipropellant 
gun  firings  to  within  an  error  of  k%  on  muzzle  velocity  and  9$,  on 
maximum  breech  pressure.  Future  assessment  of  the  program's  prediction 
capability  would  require  that  we  match  one  firing  and  then  with  the 


estimated  variables  (shot  start  pressure,  etc.)  held  constant,  predict 
future  firings  of  the  gun,  varying  propellant  mixes  and  projectile 
weights. 
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